We demonstrate a reconfigurable 8×8 photonic integrated circuit suitable for implementing universal gates for quantum information processing protocols. The processor is implemented as a square mesh of tunable beam splitters based on stoichiometric silicon nitride waveguides, containing 128 tunable elements. In order to demonstrate its versatility, we perform a variety of photonic quantum information processing primitives, in the form of Hong-Ou-Mandel interference, bosonic coalescence/anti-coalescence and highdimensional single-photon quantum gates exploiting the whole mode structure of the processor. We achieve fidelities that demonstrate the potential for large-scale photonic quantum information processing using stoichiometric silicon nitride.
Introduction
On-chip universal linear optical networks based on tunable beam splitters and phase shifters are well suited for quantum information processing (QIP) due to their phase stability and reconfigurability, enabling a variety of quantum information and communication protocols such as quantum teleportation [1] , quantum key distribution [2] , photonic quantum gates [3] and boson sampling [4] [5] [6] [7] . Such structures also have a host of classical applications, such as machine learning [8] and radiofrequency signal processing in microwave photonics [9] .
The major hosts of many examples and demonstrations for QIP [3, 10, 11] have been so far doped silica and silicon-on-insulator (SOI). Out of the silicon-based platforms, silicon nitride is attracting increasing interest for its great potential in implementing on-chip single-photon sources [12] , detectors [13, 14] , quantum walks [15] and time-bin encoding for quantum communication [16] . The advantage of this platform compared to the aforementioned ones, is the unique combination of high index contrast [17] for low bend loss, and ultra-low straight-propagation loss [18] , enabling thus both dense and low loss linear optical networks (Fig.1 ) on a reasonably compact footprint, essential for the development of QIP. Additionally, due to its wide spectral transparency range (from 440 nm to 2.5 μm), silicon nitride allows interfacing with all common quantum light sources, from the visible to the mid infrared. A clear demonstration of the suitability of this platform for QIP based on universal programmable linear optical networks is however still missing.
Here, we demonstrate an 88 mode transformation circuit for quantum information processing implemented in a photonic processor based on stoichiometric Si 3 N 4 waveguides. The 8-mode photonic processor contains 128 programmable elements: 64 tunable beam splitters, constructed as Mach-Zehnder interferometers (MZIs) with internal phase shifters, and 64 additional thermo-optic phase shifters arranged in a square mesh [19, 20] . This structure enables the processor to perform arbitrary 8-mode transformations, unitary [21] as well as non-unitary [19] . The photonic processor is fully reprogrammable, exhibits a low propagation loss, and contains the highest density of components per loss length to date [3, 10, 22] .
In this work, we demonstrate the proper functioning of the photonic processor for QIP by implementing a variety of quantum information primitives. We observe on-chip quantum interference with high visibility, showing this on various beam splitters within the photonic processor. To illustrate the implementation of non-unitary transformations allowed by the square-mesh arrangement, we show bosonic coalescence/anticoalescence [23] [24] [25] [26] on a lossy 2×2 subsystem. Finally, we implement high-dimensional single-photon quantum gates over the whole mode structure of the processor obtaining an average fidelity of ~95%. Figure 2 shows a schematic of the experimental setup. The architecture of the photonic processor (Fig. 2  right) consists of 64 unit cells arranged in a square mesh, each of which is composed of a phase shifter (in red) and a tunable beam splitter (in blue), enabling any arbitrary 88 transformation [19] . The 128 thermally tunable elements (64 beam splitters and 64 phase shifters) are designed for allowing each a phase shift. Within this range, they perform as expected. Full tunability range can be achieved by designing longer tunable elements. The photonic processor is based on stoichiometric silicon nitride waveguides with a double-stripe cross-section [27] grown with low-pressure chemical vapor deposition, providing a propagation loss of 0.2 dB/cm for a total on-chip transmission of about 60%, averaged on all optical paths. The coupling losses are about 2.9 dB/facet which can be greatly reduced by waveguide tapering. Single photons in our experiment are generated using two parametric down-conversion sources (Fig. 2  left) . Frequency-doubled light from a mode-locked fiber laser, with a center wavelength of 775 nm and a spectral width of 2 nm, is divided into two paths, one containing an adjustable delay line, and focused into two periodically-poled KTiOPO 4 (PPKTP) waveguides (~10 mm long) [28] . Each PPKTP waveguide generates, via type-II spontaneous parametric down-conversion, orthogonally-polarized spectrallyseparable photon pairs at telecom wavelengths (signal and idler at 1547 nm and 1553 nm, respectively). Signal and idler photons are separated using a polarizing beam splitter (PBS) and collected by single-mode fibers. The signal photons are used to herald the idler photons [29] . At a mean photon number of 0.01 and a heralding efficiency of 30%, we measure a visibility of Hong-Ou-Mandel interference between the idler photons of the two sources of about 80%. For photodetection, we use a set of Photon Spot fiber-coupled superconducting single-photon detectors (SNSPD) (tungsten silicide based nanowires, efficiency 85% [30] ). The two idler photons are coupled into the photonic processor using polarization-maintaining fibers.
Experimental setup

Results
On-chip quantum interference
To demonstrate the flexibility and configurability of the photonic processor for QIP we first observe Hong-Ou-Mandel (HOM) interference [31] between two photons (bullets of the same color in Fig. 3A ) at various positions (beam splitters) within the photonic processor (dark lines in Fig. 3A) . The photonic processor is configured to route the two incident photons across the chip to a targeted beam splitter, which is set to a reflectivity of 50%. The coincidence count rates at the targeted beam splitter outputs versus the relative delay of the two single photons are recorded showing an average visibility of about 76%, calculated as , where and are respectively the coincidence counts for temporally distinguishable and indistinguishable photons. These results are well in accord with a reference measurement, i.e., an off-chip (HOM) experiment using a fiber beam splitter, yielding a two-source HOM dip visibility of about 80% (Fig. 3B) . These results show that our photonic processor does not influence the distinguishability of the photons, as is expected based on the flat dispersion of these waveguides [32] , and confirms the suitability of the photonic processor for quantum information processing. 
Bosonic coalescence/anti-coalescence
Because of the square-mesh arrangement of the 64 unit cells, the photonic processor can be configured to perform any arbitrary linear transformation on its 8 modes, both unitary [21] and non-unitary [19] . In QIP, non-unitary, lossy, transformations are typically considered detrimental. However, it has been demonstrated that losses allow for additional freedom in observing quantum interference [33] [34] [35] , compared to lossless systems. Already for the simplest case of a lossy beam splitter there are free parameters determining the relative phase of the interference pathways through the network, leading to bosonic coalescence or anti-coalescence, i.e., HOM bunching (dip in coincidences) or antibunching (peak in coincidences).
To illustrate how the square-mesh arrangement allows the implementation of non-unitary transformations, we consider the smallest instance of an arbitrary non-unitary 2×2 system, involving four beam splitters and two phase shifters (see Fig. 3C ). Only considering the bottom two modes as input and output channels, this system is non-unitary. As is apparent from Fig. 3C , this lossy 2×2 system can be described using a unitary 4×4 system [21] , of which only the beam splitters and phase shifters in the 2×2 square mesh contribute to the transformation of the bottom two modes. Fig. 3D shows the quantum interference of two single photons for two different non-unitary 2×2 transformations implemented on the chip, resulting in bosonic coalescence as well as anti-coalescence depending on a phase in the transformation matrix (red and blue matrices in Fig. 3C, respectively) . The visibility of the HOM-like dip and peak are about 87% and 66%, respectively, as expected for these specific transformations.
High-dimensional quantum logic gates
High-dimensional quantum states, i.e., quDits, are of importance, e.g., for large-alphabet quantum communication protocols [36] and cryptography [37] . QuDits may be implemented in optics using a modal degree of freedom of the single photon to encode information. The spatial or temporal continuous degrees of freedom allow multiple orthogonal modes that enable encoding of single photons beyond the dual-rail (mode) configuration often used for qubit architectures. When encoding in the spatial degrees of freedom, large unitary linear optical networks can be exploited to implement high-dimensional quantum logic gates for the control and manipulation of such quDits [38, 39] . As shown in [38] , all the integer powers of a Ddimensional -gate, i.e., , , … , together with a D-dimensional Z-gate, enable any unitary operation in a D-dimensional state space, with D=8 in our case.
We demonstrate the realization of an 8-dimensional -gate and all its integer powers, i.e., , … , with single-photons in an 8-dimensional-rail encoding exploiting the whole mode structure of the processor. The results are summarized in Fig. 3(E, F and G) , where the measured transformation matrices are reported, giving an average fidelity of =94.6%, where the fidelity is calculated as ∑ • , with and being the theoretical and experimental probability distributions, respectively. Additionally, we measure the transformation of a coherent superposition state of a single photon in two qudits, i.e.,
|1 , on a 6-dimensional -gate. The fidelity of the 6-dimensional X-gate is measured to be =96.2%. Figure 3H shows the action of the 6-dimensional X-gate on the coherent superposition input state showing that the gate preserves the relative phase, with a fidelity of about 91.9%.
Conclusions
We report the realization of a fully programmable and remotely controllable 88 universal unitary network, which is the largest universal linear optical processor realized so far on Si N . We have demonstrated a variety of QIP primitives such as on-chip HOM interference of high visibility, bosonic coalescence/anti-coalescence on a lossy 2×2 network and we finally report the realization of highdimensional single-photon quantum gates over the whole mode structure of the processor.
Our findings demonstrate the suitability and reliability of an integrated linear optical photonic processor based on Si N waveguides showing, for the first time, the high potential of this platform for the development of large reconfigurable universal linear optical quantum circuits, an essential ingredient for the progress of quantum information processing.
